ABSTRACT. The depth of penetration in laser beam welding of steels has been determined by two different techniques. A 2 3 factorial experiment was used to calculate the depth of penetration as a function of laser power, welding speed, and focal distance. Using Yates's algorithm, the main effects, the two-factor and three-factor interactions, were determined. A generalized multivariable least squares analysis of the data resulted in an equation that expressed the depth of penetration as a function of power, speed, focal distance and all combinations of the those variables. A dimensional analysis of laser beam welding resulted in a functional relationship that expressed the depth of welding as a function of laser power, welding speed, beam diameter and thermal properties of the steel. Both of these techniques were then used to compare the calculations with sets of experimental data.
Introduction
Data bases have been determined by most laser manufacturers and users that allow them to select the appropriate laser power, welding speed and laser spot size that result in a sound weldment of a particular thickness for a certain alloy. Graphic representations of these data bases are called welding envelopes or welding lobes (Refs. 1, 2). Such a graph delineates the power and speed at which a sound weld is fabricated and often indicates areas in which porosity may be a problem or areas in which either incomplete penetration occurs or the fu-
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sion zone becomes too large and dropthrough occurs. Most of these data bases are generated as a result of trial-and-error experiments with little thought given to a systematical data development for predictive purposes. These data bases often include information on the size and shape of the fusion and heat-affected zones.
In modeling studies of high-energydensity welding, the ability to predict the size and shape of the fusion and heat-affected zones determines the success of the model. However, without utilizing a data base, the model itself often does not calculate the depth of penetration. The purpose of this paper is: 1) to systematically develop a small data base that will allow the calculation of the depth of welding as a function of laser power, welding speed and spot size (focal distance); and 2) to show that the concepts of a dimensional analysis performed on electron beam welding can be applied to laser beam welding. The first thrust of this paper was completed by using a 2 3 factorial experiment on laser beam welding of ASTM A71 0 and HY130 steels to generate a small data base that permits the calculation of depth of penetration. The concept of a factorial experiment and the statistical analysis involved will be explained. The result of this analysis is an equation that expresses depth of penetration as a function of the welding parameters.
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The second thrust was to utilize an existing data set for laser beam welding of ASTM A36 steel that graphically expressed the relationship between laser power at the workpiece and welding speed for several thicknesses. Knowing the room-temperature thermal properties of the steel, its melting temperature, beam diameter, laser power, welding speed, and the depth of penetration, a dimensional analysis, based on one for electron beam welding, was carried out. The result was that the depth of penetration can be calculated as a function of welding and material parameters.
Factorial Experiment
To create a data base, an experimentalist imagines a matrix in which all possible combinations of independent variables can be changed and, then, sets about to perform many experiments utilizing these combinations of independent variables. A factorial experiment (Ref. 3) imagines the same matrix , but restricts the tests to only those combinations of high and low (+ and -) for each independent variable. Thus, in laser beam welding, the independent variables selected were laser power at the workpiece, welding speed and spot size. Since spot size was changed by varying the distance between the workpiece and the focusing mirror, the focal distance was actually varied. A few preliminary tests indicated that the gas flow rate that was used to move the plasma from the laser beam/metal interaction point (the plasma suppression gas), could not be varied significantly and still result in a weld with an acceptable surface appearance. Thus, the factorial experiment resulted in three independent variables at two levels (2 3 factorial design).
The two laser powers selected were 8 and 14 kW at the output window of the laser or 7 and 12.25 kW at the workpiece. The two welding speeds 1 2.69 and 21.0 mm/s (30 and 50 in./min). The focal distances were 138.1 and 144.5 mm (5 7 /n, and 5"/u, in.). Additional tests were run at a welding speed of 16.8 mm/s (40 in./min ) and at a focal distance of 141.3 mm (57.6 in.). The selection of independent variables was made with the realization that most of the weldments would have incomplete penetration.
The experiments were carried out at the Lasers Materials Processing Croup of the Manufacturing Science Department of the Applied Research Laboratory-The Pennsylvania State University. Laser beam welding was accomplished on a continuous wave, C0 2 laser that is rated at 14-kW output. The laser beam mode was TEM 01 . with an approximate beam size of 63.5 mm in diameter at the aerodynamic window of the laser. The distance between the laser and the processing area was approximately 23 meters, and the effective size of the laser beam increased to approximately 70 mm. Focusing was done by modular optics, which had an effective design focal distance of 508 mm with a nominal working distance of 1 55.4 mm from the bottom of the box. Using a 69.9 mm diameter for the laser beam, the f# for the optics was 7.3 and produced a theoretical spot size of 1.499 mm in diameter. The simplest method of changing the spot size was to change the distance from the bottom of the optics box to the workpiece. Thus a direct measurement of the focal distance is an indirect measurement of the spot size. A direct measurement of the spot size at or near focus is a difficult experiment. The focal distance measurement was more precise than an estimate of the spot size. The weldments were cross-sectioned and the depth of penetration was measured. The width of the fusion and heat-affected zones at the top, middle and bottom of the weldment was also measured. The data for the depth of penetration for ASTM A710 and HY130 steels are given in Table 1 .
A factorial experiment allows the main effects (power, speed, focal distance) as well as the two-factor (power X speed, power X focal distance, speed X focal distance), and the three-factor (power X speed X focal distance) interactions to be determined. Yates's algorithm (Ref. 3) can be applied to the data after it has been rearranged in a standard order. Yates's algorithm is a convenient and fast method of calculating the interactions. The various interactions for laser power (P) levels of 7 and 12.25 kW, welding speeds (S) of 12.69 and 21.0 mm/s, and focal distances (FD) of 1 38.1 and 144.5 mm are given in Table 2 .
In Table 2 , the combinations of plus and minus signs indicate the values used to calculate the average depth of penetration used for that particular interaction. In each column, the magnitude of the interaction effect is given under the appropriate variable. The interaction effects in bold are the more significant. Thus, laser power, welding speed, focal distance, and the product of laser power, welding speed, and focal distance are the more significant interactions for both steels. For ASTM A710 steel, the product of laser power and welding speed also appears as a significant interaction. This may be the result of the magnitude of the main effect of laser power and welding speed. The analysis indicates the important interactions, but does not, of itself, give a predictive ability. Caution should be used in the interpretation of the main effects. Since in the case of the HY1 30 steel, the three-factor interaction is significant, the effects of power, speed and focal distance cannot be interpreted separately. Similarly, in the case of the A710 steel, both the threefactor interaction and the two-factor interaction (power, speed) are significant and the individual effects of power, speed and focal distance are obscured. The factorial analysis denotes a functional relationship between the variables but does not denote the type (I inear, nonlinear, power, etc.) of this relationship. A multivariable regression analysis was then performed on each data set (+ and -). The result of this analysis was an equation that calculates the depth of penetration as a function of laser power, welding speed, focal distance, and its cross products. Depth mm measured Table 3 for HY1 30 steel, whereas Fig. 2 is a similar plot for ASTM A710 steel. A straight line, which indicates a one-to-one relationship between the measured depth of penetration and the calculated depth, has been added for clarity. Examination of these two figures shows a good correlation between measurement and calculation. The R 2 values (a measure of the "goodness" of the fit) from the regression analysis are 0.982 for HY1 30 steel and 0.914 for ASTM A710 steel.
Dimensional Analysis
A dimensional analysis on electron beam welding was performed by Hablanian (Ref. 4) . The dimensional analysis utilized as independent variables, electron beam power, beam spot size, welding speed, thermal conductivity, volumetric specific heat, and the melting temperature of the alloy. The dependent variables then were the depth of penetration and the average width of the melted zone. The result of this was a functional relationship between two dimensionless variables (d TM K/P) and (VD/K), where P is the electron beam power, (W); d is the penetration depth (m); TM is the melting temperature of the alloy (K); K is the thermal conductivity of the alloy (WirHK-1 ); V is the welding speed (ms -1 ); b is the beam diameter (m); and K is the thermal diffusivity (m 2 s _1 ).
The values of thermal conductivity and thermal diffusivity used in the calculation were taken to be room temperature values.
Hablanian plotted this expression for steels, aluminum, beryllium, titanium, zirconium and stainless steel on a loglog plot and found a linear relationship.
Using data (Ref.
2) that show the laser power-speed welding envelopes for ASTM A36 steel for thicknesses from 4 to 19 mm, a similar plot was constructed (Fig. 3) . It should be noted that in this case, all of the welds were full penetration. Depth mm Measured A plot of this calculated depth of penetration vs. the thickness of the plate is shown in Fig. 4 . A straight line that indicates a one-to-one correspondence between the plate thickness and the calculated depth of penetration has been added for emphasis. It should be noted that experience has indicated that at slow welding speeds and low powers, the fusion zone assumes a "nail head" or "wine glass" shape. At faster speeds and higher powers, the fusion zone becomes smaller, straighter and narrower. The larger fusion zones also usually have a greater volume of bottom bead, which indicates that a slightly thicker plate could be welded using those welding parameters. In view of the fact that there is more tolerance for the welding speed at lower laser powers, the results are surprisingly good.
HY130 Factorial Experiment Data
An important consideration in the modeling of high-energy-density welding is the attenuation of the power through the thickness of the workpiece. The ASTM A36 data can be utilized to shed some light on this aspect. Duley 
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Using the data from the welding envelope for ASTM A36 steel and based on a 1-mm spot size, the incident intensity can be calculated as well as the beam attenuation. The laser beam intensity at the bottom of the plate can also be calculated. The results are as the incident laser power and welding speed increases, the laser intensity (l s )at the bottom of the plate approaches 9 X 10 5 Wcrrr 2 . These results are expressed in Table 4 . In Table 4 , only the lowest and highest laser power-welding speed data for each thickness of plate are given for the sake of brevity. The implication of this is to reaffirm Duley's (Ref. 
Results
Having developed two data bases and two methods of calculating the depth of penetration independently, the question poses itself as to the ability of each method to work with the other data base. Similarly, the multivariable analysis, which was performed on each steel independently, could be easily performed on combined data sets. These results will now be examined. Figure 5 is a plot of the depth of penetration from the dimensional analysis for HY1 30 steel as a function of the measured depth of penetration. A straight line has been added for emphasis. Figure 6 is a similar plot for ASTM A71 0. Both of these plots show a good relationship between calculation and experiment. Figure 7 is a plot of the measured depth of penetration vs. the calculated depth of penetration for both HY1 30 and ASTM A710 steel for all of the data. A straight line has been added for emphasis. The R 2 value for all of the data is 0.740, a respectable value but not extremely good. Note that this plot differs slightly from Figs. 1 and 2 in that Fig. 7 includes all of the data shown in Table  1 
Discussion
This paper has presented two methods of calculating the depth of penetration in high-power-density welding. Neither of the techniques is without problems. The dimensional analysis method requires that the thermophysical data for the alloy be known. This is seldom the case. Examination of tables of the physical properties of steels and other alloys in such references as Smithells (Ref. 7) or ASM Metals Handbook (Ref. 8) reveals that the data for ASTM A36 are documented, whereas the data for HY130 and ASTM A710 steels are lacking. Based on steels with similar compositions, the density, specific heat, and thermal conductivity may only be estimated. In nonferrous metals, there are even less data.
In the case of the multivariable analysis of the data base for HY130 and ASTM A710 steels, the technique requires the construction of a specialized data base, essentially of incomplete penetration weldments. Usually, the data base that is sought is one of "good welds" with complete penetration and acceptable top and bottom beads. The difference between the equations for depth of penetration for the two steels was surprising, as was the R 2 value for the combined data sets. Usually, only slight changes in laser power or welding speed are needed to proceed for laser beam welding of one steel to laser beam welding of another with a different chemistry. A multivariable regression analysis has produced an equation relating the depth of penetration to the power, speed and focal distance used in generating the data set. A simple linear equation was used to express this relationship because of the limitations of the data set. It should be realized that such an equation is only applicable to that data set and cannot be used generally. The focal distance measurement is not a true focal distance but gives an indication of the change in spot size accompanying the change in this value.
Conclusions
The 2 3 factorial experiment indicated that laser power, welding speed, focal distance, and the triple product of laser power, welding speed and focal distance were the most important interactions for the HY1 30 steel. For ASTM A71 0 steel, the product of laser power and welding speed was also indicated as an important interaction. The multivariable analysis that was applied to this data base resulted in two expressions for the depth of penetration. Either of these can be used to determine the laser beam welding parameters for any steel. The depth for another steel would certainly be close to the depths calculated from each of these data sets. The two methods of calculating the depth of penetration in laser beam welding, despite their inherent difficulties, both show a good correlation between calculated and measured depths of penetration. The dimensional analysis could certainly be applied to metals other than steel, if the thermophysical data are available. The same relationship (Ref. 2) would be applicable and would give a good first approximation for a nonferrous metal.
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